Enzyme I and HPr, the general proteins of the phosphoenolpyruvate-sugar phosphotransferase system, play a pivotal role in the control of sugar utilization in gram-negative and gram-positive bacteria. To determine whether growth conditions could modify the rate of biosynthesis of these proteins in Streptococcus mutans, we first purified to homogeneity enzyme I and HPr from S. mutans ATCC 27352. Using specific antibodies obtained against these proteins, we determined by rocket electrophoresis the intracellular levels of enzyme I and HPr in cells of S. mutans 27352 grown under various batch culture conditions and in a number of glucose-grown cells of other strains of S. mutans. HPr was purified by the procedure reported by Gauthier et al. (L. Gauthier, D. Mayrand, and C. Vadeboncoeur, J. Bacteriol. 160:755-763, 1984) and displayed a single band with a molecular weight of 6,650 when analyzed by sodium dodecyl sulfate-urea gel electrophoresis. Enzyme I was purified by DEAE-cellulose chromatography, affinity chromatography on an anti-Streptococcus salivarius column, and preparative electrophoresis. The protein migrated as a single band in native and denaturating gel eiectrophoresis. The subunit molecular weight of enzyme I determined by electrophoresis under denaturating conditions was 68,000. In gel filtration chromatography at 4°C, the enzyme migrated as a 135,000-to 160,000-molecultr-weight species, suggesting that enzyme I is a dimer. In double immunodiffusion experiments, antibodies against HPr reacted with several oral streptococci, Streptococcus lactis, Streptococcus faecium, and Lactobadcillus casei, but not with Bacillus subtilis, Staphylococcus aureus, and Escherichia coli. Antibodies against enzyme I of S. mutans 27352 cross-reacted with enzyme I from all the other oral streptococci tested. No cross-reaction was observed with other gram-positive and gram-negative bacteria. The levels of enzyme I and HPr determined by rocket electrophoresis in S. mutans 27352 varied at the most by twofold, depending on the growth conditions. Glucose-grown cells of other S. mutans strains contained levels of enzyme I and HPr which were similar to those found in S. mutans 27352.
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THIBAULT AND VADEBONCOEUR of glucose over lactose by S. mutans GS5 would be related to the fact that the glucose permease, which is the EIImaf, is a receptor for El. In other words, when glucose is present in the growth medium, El is preferentially bound to EIIm', so that the phosphoryl group of PEP is exclusively utilized for the transport of glucose.
The effectiveness of the regulatory mechanisms mentioned above depends on the concentration of El and HPr in the bacterial cells. One may suppose that any significant variation in the level of these proteins will disturb sugar metabolism. It has been shown that PTS activities in S. mutans are repressed under specific conditions of growth in a chemostat (11, 12) . It has not been determined, however, if this repression occurs at the level of the general proteins of the PTS, the membrane components, or both. To determine whether growth conditions could modify the rate of biosynthesis of El and HPr in S. mutans, initially we developed procedures for the purification of these proteins from S. mutans ATCC 27352. Using specific antibodies obtained against these proteins, we determined by rocket immunoelectrophoresis the intracellular levels of El and HPr in cells of S. mutans ATCC 27352 grown under various batch culture conditions and in a number of glucose-grown cells of other strains of S. mutans.
MATERIALS AND METHODS
Chemicals. Trypticase was purchased from BBL Microbiology Systems (Gaithersbury, Md.), and yeast extract was purchased from Difco Laboratories (Detroit, Mich.). Sephadex G75, Sephacryl S-200, DEAE-Sephadex, and cyanogen bromide-activated Sepharose 4B were obtained from Pharmacia Fine Chemicals (Piscataway, N.J.). DEAEcellulose (DE-52) was Organisms and growth conditions. The strains used in this study were (45) , and a membrane-free cellular extract was obtained after centrifugations (45) . All purification steps were conducted at 4°C. The extract was applied to a DEAE-cellulose column (2.6 by 14 cm) equilibrated with 10 mM potassium phosphate (pH 7.5)-0.1 mM EDTA-0.1 mM PMSF-14 mM 2-mercaptoethanol. The column was washed first with buffer and then with 250 ml of buffer containing 0.1 M KCl. This step allowed the elution of HPr, which was further purified as described below. The column of cellulose was then eluted with a 500-ml gradient of 0.1 to 0.5 M KCl, and 5-ml fractions were collected at a flow rate of 11 cm/h. The fractions containing El were pooled, concentrated by ultrafiltration with an Amicon cell with a YM5 membrane, and then dialyzed against 10 mM sodium phosphate (pH 7.0)-0.1 mM PMSF-0.1 M NaCI-5 mM MgCl2. EI was then purified by chromatography on an anti-El Sepharose 4B column. The antibodies used were those obtained against EI of S. salivarius (45) . The (16) .
The molecular weight of native HPr was estimated by gel filtration on a column of Ultrogel AcA202 (1.6 by 81 cm) equilibrated with the same buffer used for El. The molecular weight markers were cytochrome c, RNase A, aprotinin, and bacitracin. The flow rate was 4 cm/h, and 1-ml fractions were collected. Data were treated as described above. The molecular weight of HPr was also determined by gel filtration under denaturating conditions in the presence of 6 M guanidine hydrochloride as described by Fish et al. (13) . The standard proteins listed above and HPr were reduced and alkylated as reported previously (13) .
Production of antibodies. Antisera against El and HPr were obtained from New Zealand white female rabbits after they were immunized by multisite intradermal injection, and antisera were purified as described previously (15) . Approximately 200 ,ug of proteins was injected for HPr and 100 ,ug was injected for El for both the first and the booster injection.
Immunochemical procedures. Double diffusion immunoprecipitations were conducted with glass plates (84 by 94 mm) coated with 1% agar (Difco) in 0.85% NaCl-1% Triton X-100-0.1% SDS-0.02% sodium azide (49) . Diffusion was allowed for 18 h at 37°C. The center wells contained 15 ,u1 of undiluted purified immunoglobulins, and the antigen wells contained 15 p.l of cellular crude extracts. Staining was performed with 0.25% Coomassie brillant blue R250 by the method of Garvey et al. (14) .
Crossed immunoelectrophoresis was performed on glass slides (84 by 94 mm) covered with 12 ml of 1% agarose (LKB 2206-101) in 92 mM Tris barbiturate buffer (pH 8.6) containing 0.4 mM calcium lactate and 0.02% sodium azide. For first-dimension electrophoresis, a field strength of 10 V/cm (measured on the agarose) was applied for 60 min. Seconddimension electrophoresis was conducted in a gel of 1% agarose containing 38 mg of anti-HPr immunoglobulin G (IgG) or 6.25% rabbit antiserum obtained against El. A field strength of 2 V/cm was applied for 18 h. Precipitin peaks were stained with Coomassie blue by the method of Garvey et al. (14) . Peterson (27) .
Bovine serum albumin was used as the standard. Proteins in column fractions were detected by their absorbance at 280 nm or by the method of Bradford (4) .
RESULTS
Biochemical properties of purified HPr. A summary of the purification procedure for HPr is presented in Table i . The major problem that we encountered during the isolation of HPr from S. mutans (as was also the case for the purification of El) was the loss of protein activity during the course of the purification procedure. Indeed, although the yield in the amount of purified protein was quite satisfactory (12 mg, which represented 0.45% of the total amount of protein), the specific activity of purified HPr was very low. Identical results have been obtained with the protein of S. salivarius (45) . Loss of activity occurred mainly during DEAEcellulose chromatography and preparative gel electrophoresis. The loss of activity during DEAE-cellulose chromatography could not be explained by an incomplete attachment of HPr to the cellulose column since no activity was found in the flow through fractions. The three-step procedure used for the purification of HPr from S. mutans ATCC 27352 gave an homogenous preparation when checked for purity by gel electrophoresis under denaturated conditions by the methods of Laemmli (20), Weber and Osborn (46) , and Swank and Munkres (41) (Fig. 1) . Gel electrophoresis under native conditions revealed two bands. This Was particularly striking when the preparation was analyzed by electrophoresis in the discontinuous system described by Davis (6) (Fig. 1) (41) in the presence of SDS and urea; in gel 3 electrophoresis was done by the method of Weber and Osborn (46) in the presence of SDS; in gel 4 electrophoresis was done by the method of Laemmli (20) in the presence of SDS. purify El from S. mutans by the procedure developed for the purification of El from S. salivarius (46) . This purification scheme consisted of DEAE-cellulose chromatography, hydroxylapatite chromatography, DEAE-Sephadex A-50 chromatography, preparative gel electrophoresis, and molecular sieving on Ultrogel AcA34. Analysis of the preparation obtained from S. mutans after these purification steps by SDS-gel electrophoresis by the method of Weber and Osborn (46) revealed two proteins with molecular weights of 68,000 and 73,000. All our efforts to separate these two proteins (phosphocellulose chromatography, molecular sieving, and preparative electrophoresis in various conditions) were unsuccessful.
Previous results, however, have shown that El from S. mutans ATCC 27352 cross-reacted with antibodies obtained against El purified from S. salivarius (45) . We thus decided to use an antibody column made with IgG produced against purified S. salivarius El to purify El from S. mutans. A membrane-free cellular extract was first chromatographed on a DEAIE-cellulose column. This permitted the separation of HPr from El. The fractions containing El were then pooled and loaded onto the antibody column. Three different solutions were tested to elute El from the column: 3 M NaSCN (pH 7.0), 0.5 N acetic acid, and 0.1 M glycine hydrochloride (pH 2.5). The best results were obtained with glycine hydrochloride. After this chromatographic procedure, the preparation of El still contained many contaminants but was free of the 73,000-molecular-weight proteins. El was then purified by preparative gel electrophoresis. A summary of the purification procedure is presented in Table  2 . As mentioned above, El from S. mutans was very unstable, and over 95% of the activity present in the crude extract was lost during purification of the enzyme. When PMSF was omitted, much less activity was recovered. The addition of MgCl2 to buffers during chromatography on the antibody column also helped to stabilize the enzyme. However, MgCl2 could not be included in buffers during chromatography on DEAE-cellulose because its presence lead to poor resolution of El from HPr. In addition, when the crude extract was chromatographed on DEAE-cellulose in the presence of MgC92, EI was eluted in at least two elongated peaks. For these reasons, MgCl2 was added to buffers only after DEAE-cellulose chromatography. The preparation of El obtained after preparative electrophoresis gave only one band when analyzed by SDS-gel electrophoresis by the method of Weber and Osborn (46) (Fig. 2) . The preparation also was shown to be homogeneous when analyzed by electrophoresis under native conditions in the system described by Davis (6) , in the TEA-TES system described by Orr et al. (26) (Fig. 2) , and by crossed immunoelectrophoresis (Fig. 3) .
El of S. mutans migrated as a protein with a molecular weight of 68,000 when subjected to SDS-gel electrophoresis (46 (Table 3) . In crossed immunoelectrophoresis, purified HPr and cellular extracts gave only one peak (Fig. 3) . Purified EI, however, produced two peaks in one continuous precipitation line (Fig. 3) peaks differed, suggesting that the two peaks are due to the phosphorylated and the dephosphorylated forms of the enzyme. Cellular extracts, however, gave only one peak when subjected to immunoelectrophoresis in gels containing antiEl immunoglobulins.
Intracellular levels of El and HPr determined by rocket immunoelectrophoresis. In rocket electrophoresis, purified HPr and cellular extracts obtained from all the S. mutans tested produced one continuous precipitation line (Fig. 4A) . Purified El from strain 27352 and cellular extract obtained from serotype d/g strains (27352 and 6715) produced also one continuous precipitation line (Fig. 4B) . EI in the cellular extract obtained from the serotype c or serotype f strain did not, however, produce a well-defined rocket so that it was not possible to determine quantitatively the amount of El in these cells by this technique (Fig. 4C, wells 5 and 6 ).
The amount of HPr and EI in cells of S. mutans ATCC 27352 was measured under different growth conditions. The results show that the levels of El and HPr do not vary much with the phase of growth or with the nature of the sugar in the culture medium (Table 4 ). The amount of HPr varied from 2.8 to 5.6 nmol/mg of protein (assuming a molecular weight of 8,300), and the amount of El subunits varied from 0.6 to 0.9 nmol/mg of protein. There was generally five-to sevenfold more HPr than EI subunits in the cells.
The levels of HPr in other strains of S. mutans was close to those found in strain ATCC 27352 ( 
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a The reaction mixture contained 500 ,ug of membrane protein and 250 ,ug of S. aureus cytoplasmic protein, partially or highly purified El or HPr, lmM [U-14Clglucose (0.1 ,uCi/umol), 2 mM PEP, 4 mM MgCl,, 2 mM 2-mercaptoethanol, 10 mM NaF, and 50 mM sodium phosphate buffer (pH 7.0) in a total volume of 600 .l1. The PEP-dependent glucose phosphorylation was determined through isolation of the radioactively labeled glucose phosphate by precipitation with BaBr2 (45) . bCells of S. aureus were grown in Trypticase yeast extract medium supplemented with 0.5% glycerol. The cells were harvested by centrifugation and broken with alumina. Membranes and cytoplasm were separated by high-speed centrifugation (200,000 x g for 4 h).
' EI and HPr from S. mutans, S. salivarius, and S. aureus were partially purified by DEAE-cellulose chromatography from a membrane-free cellular extract. The conditions used for chromatography were those reported in the text for the purification of El and HPr from S. mutans ATCC 27352. HPr was eluted with 0.1 M KCI, and El was eluted with 0.5 M KCI.
For the reasons mentioned above, El in the other S. mutans strains could not be measured. DISCUSSION In this report, we describe procedures to purify to homogeneity EI and HPr, the general proteins of the PTS, from S. mutans ATCC 27352. The protein HPr was purified to homogeneity, according to the results obtained by gel electrophoresis under native and denaturing conditions. The molecular weight of native HPr determined by gel filtration was 13,000. However, it is well known that the molecular weight of native protein could be erroneously estimated by chromatographic methods because of variations in shape * A it0X ........ among the unknown and standard proteins (13) . It has been shown, however, that gel filtration of alkylated protein in the presence of 6 M guanidine hydrochloride is a more accurate method for the estimation of protein molecular weight (13) . Under these conditions, HPr of S. mutans ran as a protein with a molecular weight of 8,300, which is slightly greater than the value reported for the HPr of S. aureus (7,685 [2] ) and slightly smaller than the molecular weight of HPr from S. typhimurium (9,120 [29] ). The molecular weight of HPr estimated by electrophoresis in the presence of urea and SDS was 6,650. This method (41) (41, 47) . Assuming a 20% error, the molecular weight of S. mutans HPr estimated by this method would be 7,980, which is close to the value obtained by gel filtration under denaturating conditions (8, 300) . Recently, Mimura and colleagues (25) have reported a molecular weight of 17,000 for the HPr of S. mutans GS-5, determined by SDS-gel electrophoresis by the method of Weber and Osborn (46) . However, as mentioned above, small proteins behave abnormally in this system (47) . Several reasons have been set forth to explain this fact (41) (42) (43) (44) (45) (46) (47) . In particular, it has been proposed that small protein may bind less SDS than larger protein. Under such conditions, the charge per unit of mass is not constant among unknown and standard proteins, and deviations from linearity are observed. Our preparation of HPr showed two bands after analysis by gel electrophoresis under native conditions. It is tempting to assume that the second band which migrated as a protein with a more negative charge was due to P-ser-HPr (HPr molecule phosphorylated on a serine residue), as found in Streptococcus pyogenes (8) . Treatment with alkaline phosphatase did not eliminate this band, but it is possible that P-ser-HPr is a poor substrate for the alkaline phosphatase of E. coli. A soluble P-ser-HPr phosphatase has been found in S. pyogenes (35) .
In In crossed immunoelectrophoresis, purified El from S. mutans ATCC 27352 showed two peaks in one continuous precipitation line. This indicates that the enzyme existed in two different forms in our preparation. Previous work has shown that El could be phosphorylated by PEP in the presence of Mg2+ (48) . We thus proposed that the two forms of EI observed in crossed immunoelectrophoresis are the phosphoprotein and the nonphosphorylated form of El. This assertion was substantiated by the fact that the ratio of the two peaks observed was changed when the preparation of purified EI was incubated in the presence of PEP and Mg2+ prior to electrophoresis. The membrane-free cellular extract used for the purification of EI, however, gave only one peak, suggesting that, initially, most of the molecules of EI in the cytoplasm are phosphorylated. Since the half-life of phospho-EI is 2.5 to 3 h at pH 6.5 and at room temperature (48), it was not surprising that the majority of El molecules lost their phosphoryl group during the purification procedure, even though it was conducted at 40C.
Results of Ouchterlony double diffusion experiments have shown that antibodies against El of S. mutans ATCC 27352 (serotype d/g) cross-react with El from all the other oral streptococci tested. However, only El from S. mutans serotype d/g strains gave reaction of complete identity. No cross-reaction was observed with other gram-positive and gram-negative bacteria, but the enzyme from S. mutans exhibited cross-complementarity with the PTS of S. aureus, as reported previously by Mimura et al. (25) .
We have shown previously that purified El from S. salivarius cross-reacts only with El from other oral streptococci in double immunodiffusion experiments (45) . Results obtained with El of S. mutans ATCC 27352 corroborate this result and strengthen the idea that the enzyme of oral streptococci is somewhat peculiar when compared with the enzyme of other bacterial species.
The levels of El and HPr were determined by rocket electrophoresis in cells of S. mutans ATCC 27352 grown in The results show that the levels of these proteins vary at the most twofold, depending on the growth conditions. This is comparable to the value found in E. coli (24) and S. typhimurium (24, 36) . In a previous study (43) We plan to measure the levels of El and HPr in cells grown in a chemostat under conditions which repress PTS activities (11, 12) . This will provide additional information about the presence of an active glucose and sucrose transport system in S. mutans (11, 12, 19) and will also provide insight into the regulation of sugar utilization in cells grown under conditions that more closely resemble those which prevail in the mouth.
